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ABSTRACT

The temperature dependence of the contact angle 6 at the intersection of Zn grain boundaries with
Zn/liquid Zn-Sn boundaries have been studied. For this purpose, two Zn bicrystals were grown

with <1010 > {1000} tilt boundaries having misorientation angles of ¢$=16° (small angle grain
boundary) and ¢=60°. These boundaries possess different energies. The temperatures 7, of the
grain boundary wetting phase transition for these two boundaries were determined and the
corresponding tie lines in the two-phase (Sn)+L field of the Zn-Sn phase diagram were
constructed. Above T, the contact angle 6 is 0° and a layer of liquid phase substitutes for the
grain boundary. The temperature of the wetting transition (T wi = 382+1°C) for the boundary
with the high energy ($=60°) is lower than that (T w2 = 386.5+1°C) for the boundary with the
low energy (¢=16°). Above the temperature interval where all the grain boundaries become
wetted, the solid phase may exist only as isolated single crystalline "islands" in the "sea" of
melted phase.

INTRODUCTION

The properties of modern materials, especially those of superplastic, nanocrystalline or composite
materials, depend critically on the properties of internal interfaces such as grain boundaries (GBs)
and interphase boundaries (IBs). All processes which can change the properties of GBs and IBs
affect drastically the behaviour of polycrystalline metals and ceramics [1]. GB phase transitions are
one of the important examples of such processes [2]. Recently, the lines of GB phase diagrams
began to appear in the traditional bulk phase diagrams [2-4]. The addition of these equilibrium lines
to the bulk phase diagrams ensures an adequate description of polycrystalline materials. One of the
most important GB phase transitions is the GB wetting transition. Consider the contact between a
bicrystal and a liquid phase L (Fig.1). If the GB energy ogp is lower than the energy of two
solid/liquid interfaces 2a;, the GB is not wetted and the contact angle 6>0 . If oGp > 205, the GB
is wetted by the liquid phase and 6=0. If the temperature dependencies ogp(T) and 2o, (T) intersect,
then the GB wetting phase transition proceeds at the temperature T,, of their intersection. The
contact angle 6 decreases gradually with increasing temperature down to zero at T,,. At T>T,, the
contact angle 6=0. The tie line of the GB wetting phase transition appears at T,, in the two-phase
region (S+L) of the bulk phase diagram. Above this tie line GBs with an energy O¢;p cannot exist in
equilibrium with the liquid phase. The liquid phase forms a layer separating the crystals. A decrease
of the contact angle 6 down to 0 at 7,, was first observed in polycrystalline samples; in later
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Fig. 1. Bicrystal in contact with a liquid
phase. The GB is not wetted: 6>0.

Fig. 2. Optical micrographs of the contact
areas between the Zn bicrystal (bottom) and
the Sn-rich melt (top) after anneals at 325
and 390°C and subsequent quenching.

measurements bicrystals with individual GBs were also used [2]. The goal of this work was to
construct experimentally the GB wetting tie lines in the Zn—Sn system in the field where solid Zn
and Sn-rich melt coexist. The investigation of GB phase transition lines in Zn-based binary systems
is driven by the technological importance of Zn alloys. For example, Zn—Sn alloys are regarded as a
good alternative to Pb-containing solders, the usage of which will be gradually restricted due to the
detrimental influence of Pb on the environment [5].

EXPERIMENTAL

There is experimental evidence that the GB wetting phase transition exists in the Zn—Sn system, but
the temperature 7', was determined for polycrystalline samples [6, 7]. It is not correct to define the
tie lines of the GB wetting transition in the bulk phase diagram using two-phase polycrystals with
boundaries of different energies because of the dependence of 7, on GBs energy. The bicrystals

with <1010 > tilt GBs were grown from Zn of 99.999 wt.% purity by the Bridgman technique,
which allows one to grow bicrystals with GBs of all possible crystallographic parameters [8]. The
Zn used for the bicrystal growth contained 1.0, 0.5, 0.5 and 1.0 mass ppm (parts per million) of Pb,
Cd, Cu and Fe, respectively. At intermediate stages of bicrystal production the single crystalline
seeds were chemically polished for 1-5 s in HNOj5 and etched in HCL. They were oriented using
Laue back reflection and cut with the aid of spark erosion. Finally, the orientation of the
crystallographic axes of the bicrystals were controlled with the aid of Laue back reflection. Flat
38x6x180 mm bicrystals with the flat GB laying parallel to the long axis of the bicrystal and to the

<1010 > axes of both grains were grown in high purity graphite crucibles in an atmosphere of high
purity argon (the oxygen concentration was equivalent to a vacuum of 10-3 Pa). Two bicrystals with

< lOiO>{1000} tilt GBs having misorientation angles of ¢ = 16+£0.5° (small angle GB, near Xl
misorientation) and ¢ = 60+0.5° were produced. After growing, the bicrystals were cut by spark
erosion and a diamond disk wire (Struers Minitom) into 4x6x10 mm pieces. For the wetting experi-
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Fig. 3. The temperature
407 . dependence of the contact
angle 6 for the two GBs
studied. The wetting
temperatures are and T,; =
381x1°C and T, =
] 386.5+1°C.
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ments the Zn bicrystals were etched for 10-30 s in HNOj in order to remove the deformed layer and
brought in contact with the liquid Sn of 99.999 wt.% purity at about 240°C in an apparatus made
from high purity graphite. The samples had 0.2-0.4 mm thick Sn layers on both sides. The ratio
between the length of the Zn bicrystal and the thickness of the Sn-rich layer was selected so that the
average sample composition during the subsequent anneal was in the two-phase field of the Zn-Sn
phase diagram [9]. The Zn bicrystals coated with the Sn-rich layers were then placed in silica
ampules filled with high purity Ar. The samples were then annealed for 50 min at various
temperatures between 300 and 394°C and subsequently quenched into water. After that a surface

parallel to the <1010 > axes of both grains and perpendicular to the GB and solid/liquid interface
was ground and polished. The polished surface was etched in HCI for a few seconds. The contact
area between the GB and IB was photographed in an Olympus BH optical microscope with
magnifications of 500:1 and 1000:1, and the contact angle 6 was measured.

RESULTS AND DISCUSSION

Figure 2 shows optical micrographs of the 16°< 1010 > {1000} GB for 325 and 390°C. At 325°C the
GB is still not wetted by the liquid phase and the contact angle 6 > 0. At 390°C the GB is already
wetted and 0 = 0. The temperature dependences of the contact angles of both GBs studied are shown
in Fig. 3. The contact angle 6 decreases in both cases with increasing temperature. At all
temperatures below T, the contact angles for the GB with ¢ = 60° are lower than those for the GB
with ¢ = 16°. This means the energy op, is really lower than o5, as was presumed during the
selection of the GB misorientation parameters. At the temperature T, the GB wetting phase
transition happens: at T>T',, the contact angle 6 = 0. Both GBs studied have different temperatures
of the wetting phase transition: 7,,; = 381%1°C for the 60° GB with a high energy and T, =
386.5+1°C for the 16° GB with a low energy. Figure 4 shows the Zn—Sn bulk phase diagram along
with the tie lines T,,; and T,,, of the GB wetting transition for the GBs studied. The borders of bulk
phase fields are represented by thick lines and the GB wetting tie lines by thin lines. The values of
the contact angle 0 change in the temperature interval studied (down to 120°C below from 7,) from
30-40° to 0°. In the same interval lie the 0 values in Zn—Sn polycrystals [7]. In the Al-Sn system 6
increases up to 80° with decreasing temperature, but in the interval about 120°C below T, the
contact angles are also below 50° [3]. Using the value of o5, = 150+30 mlJ/m?2 for the Zn—Sn system
at 200°C [10], one can estimate the energy for our GBs at 250°C as o5 = 280£60 mJ/m2. The
absolute difference (o;5,—0p,) is about 4 mJ/m? and lies well below the accuracy of the o, value.
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The tie lines of the GB wetting transition lie in the temperature interval, where the solubility of Sn
in the liquid phase decreases very rapidly with decreasing temperature. In systems like Al-Sn [3] or
Al-Cd [11] the GB wetting temperatures also coincide with the temperatures where the liquidus line
has a low concentration slope. This is not surprising because in this case the difference between the
liquidus and solidus concentrations decreases very fast with increasing temperature. The same is
true for the surface tension of the solid/liquid interface og;. Therefore, it is possible that 26, will
be lower than o,z above a certain temperature. The most important feature of the GB phase
transition is that below 7, the GBs can exist in equilibrium with the melt. Above 7', conversely the

same GBs cannot exist in contact with the melt having the equilibrium liquidus concentration. The
melt will penetrate along the GBs.
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